A platform for specifically modulating kinase-dependent signaling using peptides derived from the catalytic domain of the kinase is presented. This technology, termed KinAce TM , utilizes the canonical structure of protein kinases. The targeted regions (subdomain V and subdomains IX and X) are analyzed and their sequence, threedimensional structure, and involvement in proteinprotein interaction are highlighted. Short myristoylated peptides were derived from the target regions of the tyrosine kinases c-Kit and Lyn and the serine/threonine kinases 3-phosphoinositide-dependent kinase-1 (PDK1) and Akt/protein kinase B (PKB). For each kinase an active designer peptide is shown to selectively inhibit the signaling of the kinase from which it is derived, and to inhibit cancer cell proliferation in the micromolar range. This technology emerges as an applicable tool for deriving sequence-based selective inhibitors for a broad range of protein kinases as hits that may be further developed into drugs. Moreover, it enables identification of novel kinase targets for selected therapeutic indications as demonstrated in the KinScreen application.
Protein kinases are important drug targets for oncologic, immunologic, and metabolic disorders. The development of selective protein kinase inhibitors is widely considered a promising approach to drug development. The common strategy, which has led to the development of drugs, such as Glivec and Iressa (1) , is to target the ATP binding site (1) (2) (3) . Other approaches include substrate mimicking inhibitors (4 -9), bi-substrate analogs that target both the ATP and the acceptor binding sites (10) , and molecules that target the Src homology 2 domain (11) . The KinAce TM (12) approach presented in this article is based upon deriving short peptides from specific regions in the catalytic domain of the kinase that are implicated in kinase-substrate interactions. The KinAce TM peptides mimic regions of the kinase and therefore compete with the kinase for binding to the substrate (or to other modulators of the kinase), and subsequently abrogate the kinase-dependent signaling.
Several other groups have used peptides to disrupt proteinprotein interactions and thus modulate kinase signaling. In contrast to our technology, which derives the peptides from the catalytic domain of the kinase, others have derived inhibitory peptides from the substrates (7), pseudosubstrate (13) , regulators interacting with the kinase (14 -17) , or from non-catalytic domains of the kinase participating in substrate binding (11, 18) . One of the unique characteristics of the KinAce TM technology is that the regions from which the inhibitory peptides are derived share conserved structural patterns in all kinases. Evidence from the literature supports a potential role for these regions in substrate binding (19 -22) . Our technology suggests a general recipe for generating inhibitors of kinase-dependent signaling, applicable to any kinase. To enable permeation of peptides into cells researchers conjugated peptides to membrane penetrating sequences (14, 18, 23) or to fatty acids (myristate (7, 13, 18) or stearate (17) ). In our hands, myristoylation works very efficiently as was already demonstrated earlier (24, 25) . This paper summarizes data that point to the pivotal role of the KinAce TM regions of various kinases, in substrate binding. The sequence and structural characteristics of these regions are analyzed utilizing published three-dimensional structures of kinase-substrate complexes and mutational studies, as well as accessibility and variability of residues in these regions. We derive myristoylated peptides based on the KinAce TM regions of selected kinases and show that they selectively inhibit kinasedependent phosphorylation in cellular or cell-free assays. We further show the inhibitory effects of these peptides on proliferation of cancer cells. We thus demonstrate the applicability of the KinAce TM approach for systematic derivation of selective kinase inhibitors, and the possibility of using the resulting peptides as lead compounds for optimization into potential drugs. Finally, we describe the KinScreen application, which enables identification of novel links between kinases and therapeutical indications. Specifically, we exemplify how a known kinase, Lyn, was identified as a novel target for the treatment of solid tumors.
EXPERIMENTAL PROCEDURES
Peptides-Peptides (purity Ͼ85%) were synthesized by Fmoc solid phase peptide synthesis and purified by reverse phase-high performance liquid chromatography, by Novetide Ltd. (Haifa, Israel) or Genemed Synthesis Inc. (San Francisco, CA). Identity and purity were confirmed by high performance liquid chromatography mass spectroscopy.
Me 2 SO based formulations used were the following. Me 2 SO, the peptide was dissolved in 100% Me 2 SO at 10 mM concentration. Me 2 SOt, the peptide was dissolved in 100% Me 2 SO at 10 mM concentration and heated at 100°C for 30 min, and for DMSOtbi, 40 l of 10 mM peptide dissolved in Me 2 SO were added to 160 l of 2 M ammonium bicarbonate solution and heated at 100°C for 40 min until no evaporation was detected. For the cell proliferation assay peptides were further diluted * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. in 0.1% bovine serum albumin (BSA) 1 in PBS, pH 7.4 (BSA-PBS). Cell Culture and Cell Proliferation Assay-All cell lines are of human origin. Hormone refractory prostate cancer cell lines DU-145 and PC-3, mammary gland breast carcinoma cell lines MCF-7 and MDA-MB-231, and epithelial colorectal adenocarcinoma cell line HT-29 and human NCI-H526 small cell lung carcinoma cells were obtained from American Type Culture Collection (ATCC). Ovarian carcinoma cell line A2780 was purchased from the European Collection of Cell Cultures. Cells were grown and treated in RPMI 1640 (standard or Dutch modification) or Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, and 0.1 mg/ml streptomycin (all reagents for cell culture were purchased from Biological Industries Bet-Haemek Ltd., Israel).
For the cell proliferation assay 3.6 -7.2 ϫ 10 3 cells/well were seeded in 96-well tissue culture plates (180 l/well). The inhibitors were added 3 h later to allow cell adhesion to the plates. The peptides were prepared as stock solutions in Me 2 SO-based formulations as described above (except for KRX-014 H151 that was prepared in AMI159 formulation as detailed below). The stock solution was diluted to 100 M in PBS containing 0.1% BSA and further 1:1 dilutions were made while retaining a constant vehicle concentration. Aliquots (20 l) were dispersed in triplicates into the cell-containing wells, either of peptide dilutions, vehicle, or non-treated (BSA-PBS). Plates are incubated at 37°C in a 5% CO 2 humidified incubator for 3-4 days, fixed in 4% buffered formaldehyde solution for 2 h, washed with 0.1 M sodium borate buffer, pH 8.5, and stained with 1% methylene blue dissolved in 0.1 M borate buffer solution for 10 min. Excess dye was washed out and cell-bound dye was eluted with 200 l/well of 0.1 M HCl. The optical density value was read at 595 nm in the Labsystems Multiscan RC enzyme-linked immunosorbent assay plate reader. The data was analyzed in Microsoft Excel, using the vehicle control as 100% proliferation. The vehicle had no significant effect on cell proliferation.
Immunoblotting-Samples of cell-free kinase assays or aliquots of cell extracts containing equal amounts of protein were resolved by SDS-PAGE and electroblotted onto nitrocellulose filters. Membranes were blocked with blocking solution containing either 5% low fat milk or 3% BSA in TBST (25 mM Tris, pH 7.4, 140 mM NaCl, 0.2% Tween 20), incubated with primary antibodies (Abs) overnight at 4°C, and then with horseradish peroxidase-conjugated goat anti-rabbit or donkey anti-mouse secondary Abs (Jackson ImmunoResearch Laboratories) for 1 h at room temperature. Immunoreactive bands were visualized using the enhanced chemiluminescence (ECL) detection system (Pierce), and quantified using ImageJ software version 1.26t.
Cloning and Expression of GST-Syk-
The entire Syk open reading frame was generated by reverse transcriptase-PCR (accession number L28824) and cloned into pGEX-2T (Amersham Biosciences) as a glutathione S-transferase (GST) fusion of Syk. The plasmid was verified by sequencing. Expression of GST-Syk in Escherichia coli BL21 Lys was induced by 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at an A 600 of 0.6, and allowed to grow at 26°C for 6 h. Bacterial cells were sonicated in PBS supplemented with 5 mM EDTA, 5 mM dithiothreitol, and bacterial protease inhibitor mixture (Sigma) on ice, prior to centrifugation for 10 min at 14,000 rpm at 4°C. Soluble GST-Syk was purified with GSTrap TM FF (Amersham Pharmacia Biotech) using an AKTAdesign (Amersham Biosciences). GST-Syk eluted with 40 mM glutathione yielding 90% pure protein. Protein concentration was determined by absorbance at 280 nm.
Lyn-Syk Cell-free Kinase Assay-Each reaction contained a peptide of interest dissolved in 1% Me 2 SO at a concentration indicated in the figure, 98 ng of GST-Syk and 27 ng of active His-tagged recombinant human Lyn (Panvera) in reaction buffer (50 mM Tris, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol, and 0.1 mM sodium orthovanadate). The mixtures were agitated at 900 rpm for 20 min at 30°C, and reactions were initiated by the addition of 100 M ATP, and maintained for 10 min under the same conditions. Reactions were stopped by the addition of SDS sample buffer, separated on SDS-PAGE, and probed with antiphosphotyrosine (anti-Tyr(P), 4G10, Upstate) monoclonal antibodies (mAb) followed by reprobing with anti-Syk polyclonal Abs (Santa Cruz Biotechnology).
Cloning and Expression of Lyn-
The entire Lyn open reading frame was generated by reverse transcriptase-PCR (accession number M16038), and cloned into pET-21b (Novagen). Kinase-dead Lyn was prepared by the mutation of lysine to leucine at position 275 (designated Lyn-K275L). In vitro mutagenesis was performed using GeneEditor in vitro site-directed mutagenesis system (Promega). Plasmid constructs were verified by sequencing. Expression of Lyn-K275L in E. coli BL21 Lys was induced by 0.1 mM isopropyl-␤-D-thiogalactopyranoside at an A 600 of 0.6, and allowed to grow at 26°C for 4 h. The bacteria were lysed as described for GST-Syk. Lyn-K275L was expressed as inclusion bodies, which were dissolved in 20 mM Tris, pH 10.3, containing 3 M urea for 1 h at room temperature. The denatured soup was centrifuged for 5 min at 14,000 rpm and the supernatant was subjected to three dialysis steps at 4°C: against 20 mM Tris, pH 9.0 and 8.5, each containing 5% glycerol and 100 mM NaCl, and finally against 20 mM Tris, pH 7.5. The refolded protein was centrifuged for 5 min at 14,000 rpm yielding 95% pure protein with no further purification steps. Protein concentration was determined by absorbance at 280 nm.
Lyn Cell-free Transphosphorylation Assay-Each reaction contained a peptide of interest dissolved in 1% Me 2 SO at the concentration indicated in the figure, 720 ng of Lyn-K275L, 13.5 ng of active His-tagged recombinant human Lyn (Panvera) in reaction buffer. The mixtures were treated as described for the Lyn-Syk assay, but maintained for 15 min following addition of ATP. Western blots were probed with antiTyr(P) mAb, followed by reprobing with anti-Lyn Abs (Santa Cruz Biotechnology).
Src Cell-free Transphosphorylation Assay-Each reaction contained peptides dissolved in 1% Me 2 SO and 220 ng of Src (Biomol Research Laboratories) in reaction buffer. The mixtures were agitated at 800 rpm for 20 min at 30°C, reactions were initiated by the addition of 100 M ATP, and agitation was maintained for 10 min. Reactions were terminated by SDS sample buffer and samples were separated on SDS-PAGE and probed with anti-Tyr(P) mAb, followed by reprobing with anti-Src Abs (Santa Cruz Biotechnology).
PKB-GSK3 Cell-free Kinase Assay-DU-145 cells were serumstarved overnight and lysed at 4°C in mild lysis buffer (50 mM Tris, pH 7.5, 75 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 50 mM NaF, 5 mM NaPP i , 0.2 mM Na 3 VO 4 , and protease inhibitor mixture (AldrichSigma)). Samples were centrifuged at 14,000 rpm for 20 min at 4°C, and supernatants were subjected to immunoprecipitation of glycogen synthetase kinase 3 (GSK3) by 2 g/sample anti-GSK3 Ab (Transduction Laboratories) and 15 l/sample immobilized protein G (Pierce) at 4°C for 4 h. Immunoprecipitates were washed twice with cold mild lysis buffer and twice with cold reaction buffer II (25 mM Tris, pH 7.5, 10 mM MgCl 2 , 2 mM dithiothreitol , 5 mM ␤-glycerophosphate, and 0.1 mM sodium orthovanadate). Reaction buffer containing 120 ng/sample recombinant active Akt1/PKB␣ (Upstate Biotechnology) and either peptides at the indicated concentrations or vehicle (0.1% Me 2 SO and 0.9% ethanol in DDW) were added. Samples were rotated 1400 rpm at 30°C for 20 min, prior to the addition of ATP to a final concentration of 100 M for an additional 5-min incubation. Reactions were terminated by SDS sample buffer and samples were separated by SDS-PAGE and probed with anti-phospho-GSK3 Ab (Cell Signaling Technology) followed by anti-GSK3 Ab (Transduction Laboratories).
Transphosphorylation of c-Kit and NCI-H526 Cell Proliferation-NCI-H526 cells were grown in RPMI 1640 media containing 10% fetal calf serum, 2 mM glutamine, 1.5 g/liter sodium bicarbonate, 4.5 g/liter glucose, 1 mM sodium pyruvate, 10 mM HEPES, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. When grown in serum-free media, 0.1% BSA was added.
For analysis of c-Kit transphosphorylation, cells were starved in serum-free medium for 12 h and inhibitory or control peptides at the indicated concentrations, or vehicle (0.1% Me 2 SO) were added for 1 h. 50 ng/ml human recombinant stem cell factor (SCF, Calbiochem) was added for the last 10 min of incubation. Cells were lysed on ice in lysis buffer B containing 20 mM Tris, pH 7.4, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, 0.5 mM sodium orthovanadate, 10 mM ␤-glycerophosphate, 5 mM sodium pyrophosphate, 50 mM sodium fluoride, and protease inhibitor mixture. The lysates were centrifuged for 20 min at 14,000 rpm, and the supernatants were subjected to SDS-PAGE, and probed with either polyclonal anti-phospho-c-Kit Ab (Cell Signaling Technology) or anti-actin Ab (Sigma) as a marker for total protein.
For NCI-H526 cell proliferation assay, 96-well plates containing eight replicates per assay condition were seeded at a density of 1 ϫ 10 4 cells in 0.1 ml of serum-free media, and 16 h later the cells were stimulated with SCF (100 ng/ml), and incubation was continued for 72 h. Peptides or vehicle (0.1% Me 2 SO) were added 30 min before the addition of SCF. Cell growth was measured using the XTT (Biological 1 The abbreviations used are: BSA, bovine serum albumin; PBS, phosphate-buffered saline; Abs, antibodies; GST, glutathione S-transferase; mAb, monoclonal antibody; PKB, protein kinase B; GSK, glycogen synthase kinase; SCF, stem cell factor; ERK, extracellular regulated kinase; IGF-1, insulin-like growth factor-1; PKA, protein kinae A; JNK, N-terminal c-Jun kinase; CDK, cyclin-dependent kinase; IRK, insulin receptor kinase; ILK, integrin-linked kinase; Alk-1, activin receptor-like kinase 1; MAPK, mitogen-activated protein kinase.
Industries Bet-Haemek Ltd., Israel) colorimetric dye reduction method. Growth was calculated by subtracting the absorbance at 450 nm of the non-stimulated cells from all systems. The growth of the SCF-stimulated cells was defined as 100% growth, and other systems were expressed relative to it.
Cytosolic FKHR Levels and ERK Phosphorylation in Breast Cancer Cells Treated with PKB-derived Peptide-Breast cancer MDA-MB-231 cells were serum starved and incubated with vehicle (AMI159 formulation, see below), 20 M phosphatidylinositol 3Ј-OH kinase inhibitor LY294002 (Calbiochem), PKB-derived peptide KRX-014 H151 in AMI159 formulation, or a control peptide derived from Lyn for 18 h. Cells were subsequently stimulated with 50 ng/ml insulin-like growth factor 1 (IGF-1) for 10 min, washed with ice-cold PBS, and lysed in lysis buffer B1 (lysis buffer B containing 1% Triton X-100). Lysates were probed with antibodies against forkhead (Cell Signaling Technology), GSK3 (Transduction Laboratories), phosphorylated-ERK (Sigma), and ERK (Santa Cruz Biotechnology). For AMI159 formulation, peptide (10 mg) was dissolved in 0.4 ml of 0.2% acetic acid and 5% mannitol in TDW and agitated by vortex. 0.15 ml of PG solution (4% benzyl alcohol, 4% pluronic L44, and 2% benzyl benzoate in propylene glycol) was added and vortexed. The solution was heated at 100°C for 15 min, and neutralized by gradual addition of 0.15 ml of 100 mM phosphate buffer, pH 6.5, and 0.3 ml of 100 mM phosphate buffer, pH 7.0. The solution was spun in a Polytron at 20,000 rpm for 2 min, heated to 100°C for 15 min, spun again in a Polytron at 20,000 rpm for 2 min, and heated to 100°C for 30 min. p27 Kip1 Levels in Breast Cancer Cells Treated with PKB-derived Peptide-MDA-MB-231 cells grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum were incubated with vehicle (AK19 formulation, see below), KRX-014 H151 , or a control peptide at the indicated concentrations for 18 h. Cells were detached using 15 mM EDTA in PBS and resuspended in hypoosmotic buffer containing 10 mM HEPES, pH 7.4, 1.5 mM MgCl 2 , 10 mM KCl, 300 mM sucrose, 1 mM EDTA, 0.25 mM EGTA, 0.1% Nonidet P-40, and protease inhibitor mixture. Following centrifugation supernatants were resolved on SDS-PAGE and probed with anti-p27
Kip1 mAb (Transduction Laboratories) and polyclonal anti-actin Ab (Sigma). AK19 formulation was 5 mg/ml peptide in 0.2% acetic acid, 1% pluronic L44, and 5% mannitol neutralized with 0.3 M sodium bicarbonate.
PKB Phosphorylation in Prostate Cancer Cells Treated with PDK1-derived Peptide-Prostate cancer DU-145 cells were serum-starved for 14 h and exposed to vehicle (0.1% Me 2 SO) or peptides at the indicated concentrations for the last 4 h of starvation. Cells were stimulated with IGF-1 (50 ng/ml) for 10 min and lysed with lysis buffer B1. Equal amounts of protein were separated on SDS-PAGE, and probed with anti-phospho-PKB(T308), anti-phospho-PKB(S473), both from Cell Signaling, and anti-GSK3 Abs.
Aortic Ring Assay-All animal procedures were approved by the animal care and use committee of the Hebrew University. As previously reported (26) , thoracic aortas were dissected from 8 -10-week-old male BALB/c mice. The aortas were immediately transferred to Petri dishes containing BIO-MPM-1 (Biological Industries Ltd., Israel). The adventitia and small vessels around the aorta were carefully removed under a dissecting microscope, and transverse cuts of 0.5 mm were made. The resulting aortic rings were extensively rinsed and incubated overnight in BIO-MPM-1 containing penicillin-streptomycin. Subsequently, the rings were embedded in 600 -800 l of a collagen mixture (7 parts rat tail collagen (27), 1 part ϫ10 minimal essential medium (biological industries), and 2 parts 0.15 M sodium bicarbonate) in 24-well plates. Raising the pH to neutral and the temperature to 37°C achieved solidification of the collagen solution. In each well, 3 aortic rings were embedded. Medium (400 l of Endo-SFM (Invitrogen) containing penicillin-streptomycin and 30 ng/ml SCF with 10 M peptide or vehicle were added to the embedded rings, and the plates were incubated at 37°C in a humidified 10% CO 2 atmosphere. Medium containing SCF and either peptides or vehicle was replaced 3 times a week. After 7 days, the rings were fixed with 4% formaldehyde for 24 h, followed by staining with crystal violet (0.02%) dissolved in ethanol, and extensive washing to remove excessive stain. The effect of SCF and peptides was examined in 3 wells (9 rings) per peptide. Micrographs of representative rings were taken using a digital camera (Nikon, Japan). Morphometric analysis of sprouting was performed manually using Image-Pro 4.5 software (MediaCybernetics) according to Nissanov et al. (28) .
RESULTS

KinAce TM Regions: Definition, Patterns, and Analysis of Three-dimensional Structures and Mutational Data-The
KinAce TM platform targets well defined regions, consisting of subdomain V (the ␣D region), the loop between subdomains IX and X (named the HJ loop (24) , known also as L13 (19, 24) , and the subdomain X (the ␣G helix) of the catalytic domain of the kinase ( Fig. 1a ; subdomain definitions follow Hardie and Hanks (29)). The KinAce TM regions are common to all protein kinases and share characteristic structural patterns, detailed below. We analyzed kinase-substrate interactions in all kinasesubstrate, kinase-pseudosubstrate, and kinase-autoinhibitory structures solved to date with Ͻ2.8-Å resolution. In addition, we searched the literature for mutational data elucidating the role of residues in these regions. The following is a detailed account of each of the KinAce TM regions. The HJ-␣G region (subdomains IX-X of the kinase catalytic domain) corresponds to residues 230 EMAAGYPPFFADQPI-QIYEKIV 251 in cAMP-dependent protein kinase (PKA), and is shown as a red ribbon in Fig. 1a . The three-dimensional framework is common to all protein kinase structures solved so far, as illustrated in Fig. 1b . Sequence and structural alignment of residues in this region from various kinases, reveals a characteristic template. The template consists of a short conserved helix (positions 1-3), a variable strand around a conserved glycine at position 6, a conserved hydrophobic PF or PY dip (positions 9 -10) buried in the protein structure, a variable shoulder-like region (positions 11-15), followed by a variable helix (positions 16 -22) , which is anchored to the protein by two conserved hydrophobic residues (positions 18 and 22). The conserved residues are boxed in blue in Fig. 1d .
Highly variable patches interspace the typical sequence pattern of conserved residues as shown in Fig. 1d . Interestingly, conserved regions are buried, whereas the variable spacers are exposed to the solvent and thus available for binding (Fig. 1c) . Variability may be responsible for specific recognition of the kinase-binding partners.
Several crystallographic (22, 23, 39, 43, 45) and mutational (26, 31, 35) studies have pointed to HJ-␣G residues as being involved in substrate binding and in binding to upstream activators (36) . A careful analysis of all crystal structures of kinases complexed with peptidic substrates (30 -36) , pseudosubstrate (37), or autoinhibitory units docked in the substrate binding groove (22, 45, 48) reveals that the HJ-␣G region is involved in interactions with the substrates in all the structures except in the phosphorylase kinase (PHK) complex (30) , probably because of the shortness of the substrate peptide ( Fig.  1d and Supplemental Materials Appendix A). Seven to 10 amino acids before and after the PF dip typically participate in substrate binding and in some cases were shown to determine selectivity toward substrate (20, 39, 40) . These patches fall within the exposed and variable parts of the HJ-␣G template that we proposed as substrate binding determinants. The conserved and buried dip (positions 9 -10) and the anchors (positions 18 and 22) do not bind the substrate but may rather serve as a structural scaffold that enables the surrounding variable residues to present themselves to the substrate.
The ␣D region throughout this work refers to residues corresponding to 123 VAGGEMFSHLRRIGRFSEP 141 in PKA (positions 1-19), shown as a blue ribbon in Fig. 1a . The ␣D role in substrate binding was discussed in several structural works (21, 31, 35, 41) . We have supplemented these findings by highlighting substrate-neighboring residues in kinase-substrate (30 -32, 34) , -pseudosubstrate (37, 42), or -autoinhibitory substrate-like peptide (21, (43) (44) (45) (46) complexes published so far. We found that in 90% of the structures the ␣D residues are in close contact with or hydrogen bonded to the substrate. Site-directed mutagenesis (20, 40, 47-50) and naturally occurring mutations (51, 52) in this region were shown to affect the kinase function , and Val 1222 are shown. These residues are buried into the protein, and are spaced by variable, solvent accessible residues, whose side chains are not shown in this figure. d, the HJ-␣G region has a characteristic well conserved three-dimensional framework common to all kinases. HJ-␣G residues involved in substrate or pseudosubstrate binding as found in the Protein Data Bank structures and in published mutational studies. The structural motif of the region, named the HJ-␣G template, is marked by blue background, h stands for helix, occurrence (%) of the conserved among 55 kinases compiled and aligned by Hardie and Hanks (29) is written below compared with normal frequency. The occurrences of individual amino acids were taken from Jones et al. (38) . Hyd stands for the hydrophobic Leu, Met, Ile, Val, and Phe residues; Pos for the positively charged Lys, Arg, and His and Neg for the negatively charged Asp and Glu; G and P are glycine and proline, respectively. The sequences are aligned, and the number of the first residue is written for easier referencing. Residues that are found within 4.0 Å of the substrate or pseudosubstrate are boxed in yellow background. When a side chain of the HJ region residue makes hydrogen bond with the substrate or the pseudosubstrate the residue is written in blue. When the backbone makes the hydrogen bond, the residue is written in red. Where the importance of the residue for downstream signaling or substrate phosphorylation was shown by mutational studies or naturally occurring mutations, it is depicted on a green background. Residues that significantly differ between JNK1 and JNK2 are written in italics.
and lead to disorders (Fig. 2a and Supplemental Materials Appendix B), supporting the importance of this region in kinase signaling.
We further show that the ␣D region has a conserved pattern, 4 GX 6 HydXXX 10 HydX. Three conserved positions 4, 6, and 10 (boxed in blue in Fig. 2a ) have a tendency of above 60% for glycine and hydrophobic groups, respectively, based on a representative set of 55 kinases compiled by Hardie and Hanks (29) . The positions that space these residues are much more variable, but each of the positions is significantly enriched by a specific type of amino acids (Fig. 2a) . The hydrophobic (Hyd) residues are buried in the structure, anchoring the ␣D helix to the protein. Hubbard (35) has pointed out that Lys 1085 , Arg 1089 , and Arg 1092 residues in IRK (positions 7, 11, and 14) extend from the same face of ␣D toward the substrate and may participate in binding (35) . The importance of these positions for substrate binding by tyrosine kinases is further supported by mutational studies of IRK (51, 52) and Abl (40) as well as structural analysis of Tie2 (46) . Fig. 2b shows that these residues overlay well between different kinases, and create a characteristic structural motif for substrate binding. In Ser/Thr kinases the triad of positions 5, 7, and 11 extends toward the substrate and is involved in substrate binding, as demonstrated in PKA/PKI structure (Fig. 2c) . It is interesting to note that the least conserved positions 7 and 11 are important both for binding of Ser/Thr kinase substrates and of tyrosine kinase substrates. This variability may contribute to specificity of the kinase in substrate recognition. ␣D residues that occupy the side of the helix that is opposite the substrate binding region were found to participate in binding an inhibitory protein by Cdk6 (53) and to be part of a docking groove of MAPK interacting proteins (54) (Supplemental Materials Appendix B and Fig. 2a) .
KinAce TM Peptide Inhibitors-We have systematically derived series of peptides of 6 to 14 amino acids in length from both subdomains V and X-XI of several protein kinases of interest. The peptides span the entire KinAce regions and partially overlap. Based on the analysis presented above, residues that are solvent exposed, hypervariable, or were pointed out to be involved in substrate binding by mutational or structural studies, were considered as potential binding sites. Each peptide was designed to include several such residues.
The peptides derived from the HJ-␣G domain could be clustered in three groups: subregion I (positions 2-8), subregion II (the residues surrounding the PF dip, positions 7-13), and subregion III, corresponding to the exposed and variable shoulder and the ␣G helix (positions 11-23). We derived an average of 20 peptides per kinase that were initially screened in cellbased assays. These assays provide intact substrate in its native form, which is crucial in cases where the inhibitor is derived from the kinase and is therefore expected to bind the substrate. Moreover, the cell-based assays expose the peptide inhibitor to the entire set of the kinase substrates. When a substrate of the kinase of interest is well defined in the relevant cell line, the peptides were screened for inhibition of the kinase activity on that substrate in the cell. For kinases involved in proliferative diseases, cell growth assays were performed, providing the net effect of the peptide on cell survival. This straightforward test is particularly advantageous when the relevant substrates of the kinase are not known.
Fifteen to 30 peptides were derived from the tyrosine kinases c-Kit and Lyn, and the Ser/Thr kinases PDK1 and PKB. On average, one-third of the peptides, from HJ-␣G, ␣D, or both regions, were found active. Most of the active HJ-␣G peptides belong to subregion III, others to subregion I, and almost none to subregion II. Here we present the results for a representative active peptide for each of the kinases.
The derived peptides were N-myristoylated and C-amidated to enhance cell permeability and metabolic stability (55) (56) (57) (58) . We have previously shown that N-myristoylated C-amidated peptides penetrate the cell membrane (24, 25) . Negatively charged residues (aspartate and glutamate) were usually modified to their neutral analogs (asparagine and glutamine, respectively) to further improve cell permeability (59, 60) . The sequences of the active peptides (boxed in gray) and the control peptides used in the biochemical assays are listed in Fig. 3 and are aligned according to the HJ-␣G or ␣D templates.
Molecular and Cellular Characterization of a c-Kit-derived
Peptide-SCF receptor is a proto-oncogene, which belongs to the type III receptor tyrosine kinase subfamily (61) . SCF engagement of the c-Kit extracellular binding domain leads to receptor dimerization, followed by intracellular transphosphorylation of tyrosine residues (62, 63) . This, in turn, creates specific docking sites for a broad set of signal transduction molecules and induces substrate binding and phosphorylation (64, 65) . SCF and c-Kit were shown to be critical for the survival and development of stem cells involved in hematopoiesis, melanogenesis, and fertility.
Three peptides, covering the HJ-␣G region were derived and found inactive. Ten peptides, covering positions 5-17, were derived from the ␣D region. Seven of these peptides were found active. Substitution of the aspartate subsequent to the myristoyl-G moiety was found necessary for peptide activity. Moreover, the presence of either binding determinants 7 and 11 or binding determinants 11 and 14 is essential for activity. In peptides spanning positions 5-13 and lacking binding position 14, deletion or substitution of the positive residues at positions 12 and 13 abrogated peptide activity. This data suggests that the positive charge at positions 12 and 13 might compensate for the lack of positively charged binding determinant 14. A representative active peptide that spans positions 5-13, KRX-147 D103 was chosen for further analysis.
To test KRX-147 D103 activity, c-Kit-expressing NCI-H526 small cell lung cancer cells were incubated with various concentrations of the c-Kit-derived peptide KRX-147 D103 and control peptides derived from Lyn (KRX-055 G106 ), PDK1 (KRX-702 H105 ), or from the HJ-␣G region of c-Kit (KRX-147 H101 ). Fig.  4a demonstrates that KRX-147 D103 selectively inhibited c-Kit transphosphorylation, induced by SCF, with an IC 50 value of 7 M, whereas no inhibition was detected with any of the control Preincubation of the cells with the peptides for 1 h at the indicated concentrations was followed by 10 min stimulation with human recombinant SCF. Samples were subjected to Western blotting with anti-phospho-c-Kit Ab and protein levels were visualized using anti-actin Ab. The autoradiogram is representative of three experiments. b, aorta of BALB/c mice was cleaned and cut to transverse sections of 0.5 mm. Rings were embedded in collagen matrix and were exposed for 7 days to 30 ng/ml of mouse recombinant SCF and either vehicle (0.1% Me 2 SO) or 10 M peptides. Rings were fixed and stained with 0.02% crystal violet to illustrate sprouting. A representative micrograph of each arm of the experiment is shown. c, statistical morphometric analysis of sprout length. Four repeats of each treatment were measured, and mean Ϯ S.E. is presented relative to the rings treated with SCF. d, NCI-H526 cells were grown in serum-free media overnight, and then stimulated with SCF (100 ng/ml). Peptides at 10 M concentration were added 30 min before the addition of SCF. Cell growth was measured using the XTT colorimetric dye reduction method, 72 h after the addition of growth factor. Data are representative of two independent experiments. peptides even at 40 M concentration. Testing the inhibitory effect of the peptides on SCF-induced proliferation of NCI-H526 cells, we show that the ␣D-derived KRX-147 D103 inhibited cell growth, whereas the HJ-derived KRX-147 H101 had only a minor effect (Fig. 4d) , in accordance with the rest of our data.
The involvement of c-Kit ligand SCF in angiogenesis was reported by Zhang and co-workers (66) . Angiogenesis is a complex intercellular process that involves proliferation, migration, and organization of various cells. We thus tested the anti-angiogenic activity of the peptide on sprouting of mouse aortic rings in an ex vivo assay. Fig. 4, b and c , demonstrates that at 10 M, KRX-147 D103 totally blocked SCF-induced vessel formation, whereas no inhibitory effect was detected using control peptides at the same concentration.
Molecular and Cellular Characterization of a PDK1-derived Peptide-PDK1 is a Ser/Thr kinase that selectively phosphorylates Thr-308 on the activation loop of PKB, thereby boosting PKB activity by at least 100-fold (67) . This kinase mediates multiple signaling pathways that are coupled to growth factor receptor activation, especially in human cancers. PDK1 is highly expressed in the majority of human breast cancer cell lines and its activation was suggested to be involved in mammary tumorogenesis (68) . Targeting PDK1 was put forward as a novel therapeutic approach for diseases such as diabetes and cancer (67, 69) .
Fourteen peptides were derived from the entire KinAce TM regions of PDK1, 10 from the three HJ-␣G subregions and 4 from the ␣D region. The peptides were screened for their ability to inhibit the phosphorylation of the well defined direct substrate of PDK1, PKB(T308), in intact cells and to inhibit prostate cancer cell proliferation. Four peptides were found active. Three of them were derived from the variable and solvent exposed, shoulder-like subregion III of the HJ-␣G domain and one from ␣D (positions 7-11). The most potent lead, KRX-702 H105 , spans positions 11-17 of subregion III of the HJ-␣G (Fig. 3) . This region was implicated in binding of substrates by most of the kinases listed in Fig. 1d (detailed in Supplemental Materials Appendix A). Fig. 5a shows that KRX-702 H105 inhibited the phosphorylation of PKB(T308) in IGF-1 stimulated prostate cancer DU-145 cells in a dose-dependent manner, whereas no inhibition was observed with KRX-702 H103 , a control peptide derived from subregion II of PDK1 (Fig. 3) . In addition, selectivity is demonstrated by the finding that KRX-702 H105 had only a minor effect on the phosphorylation of PKB(S473) (Fig. 5a) . Moreover, the peptide had no effect on c-Kit activity as mentioned above (Fig. 4) .
Because PDK1 is involved in signaling pathways that regulate cell growth and survival, KRX-702 H105 was tested in a cell proliferation assay. The hormone refractory prostate cancer PC3 cells possess high levels of activated PKB because of deletion in its negative regulator PTEN, and therefore their viability is expected to be PKB-dependent (70, 71) . The peptide at 10 M concentration inhibited the growth of PC3 cells by 40% as compared with the vehicle control (Fig. 5b) . This moderate inhibition may be because of the fact that KRX-702 H105 had almost no effect on the phosphorylation of Ser-473 and therefore a partial PKB activity was retained (72) . No effect on PC3 cell proliferation was observed using the control peptide KRX-702 H103 .
Molecular and Cellular Characterization of a PKB-derived Peptide-A wide variety of studies have implicated the Ser/Thr kinase Akt/PKB in cell transformation through inhibition of apoptosis, growth stimulation, and regulation of metabolic processes (reviewed in Ref. 73 ). Dysregulation of PKB has been associated either as a primary or secondary etiologic factor in many neoplastic processes. The viral oncogene, v-Akt, is associated with the murine leukemia virus AKT8, and overexpressed PKB has been found in prostate, pancreatic, ovarian, breast, and gastric tumors in humans, and is associated with poor prognosis (74 -76) . Overactivation of PKB has been associated with inactivating mutations of PTEN, a tumor suppressor phosphatase that ordinarily down-regulates the activity of PKB (77) . Inactivating mutations in PTEN exist in 60% of all forms of solid tumors. Thus, modulation of the PKB signaling pathway is an excellent target for kinase-based therapeutic interventions.
Ten of 30 PKB-derived peptides were found active. Most of the active peptides were derived from the accessible and variable shoulder (subregion III) of the HJ-␣G region of PKB, and KRX-014 H151 (Fig. 3 ) was chosen as a representative. The Tyr, His, and Phe residues in this peptide have been suggested as important pharmacophors for substrate binding based on a crystal structure recently solved by Yang and co-workers (31) (Fig. 1d) .
In a cell-free kinase assay KRX-014 H151 inhibited the phosphorylation of the PKB substrate GSK3 by PKB. At the same concentrations, control peptides derived from Lyn, PDK1, or ERK had no inhibitory effect (Fig. 6a) . Because GSK3 serves as a substrate for several other kinases in intact cells, we chose to test a more exclusive PKB-dependent signaling, the forkheadp27
Kip1 pathway. Treatment of cells with many growth factors, such as IGF-1 (78), platelet-derived growth factor (79), or epidermal growth factor (80), leads to activation of PKB, which subsequently phosphorylates forkhead transcription factors. This phosphorylation results in nuclear exclusion of the forkhead family members (81, 82) and consequent inhibition of p27 kip1 expression (83) . The effects of KRX-014 H151 on breast cancer MDA-MB-231 cytosolic levels of FKHR (also called FOXO1), and on p27
Kip1 expression levels are presented in Fig. 6 , b and c, respectively. It is apparent that following treatment with KRX-014 H151 , the cytosolic levels of FKHR are reduced, whereas the levels of p27
Kip1 are elevated. These effects are consistent with inhibition of PKB phosphorylation of FKHR. The control peptides in these assays, derived from Lyn kinase, do not show similar effects (Fig. 6, b and c) . We have further tested the selectivity of this PKB-derived inhibitor and demonstrated that KRX-014 H151 does not inhibit the ERK pathway, another main signaling pathway stimulated by IGF-1 (Fig. 6d) .
Because PKB is an anti-apoptotic enzyme, which plays a pivotal role in cell survival and growth, we examined the effect of the PKB-derived peptide on breast cancer MDA-MB-231 cell proliferation. Incubation of these cells with KRX-014 H151 for 3 days resulted in 90% inhibition in the presence of 10 M peptide and with an IC 50 value of 3 M (Fig. 6e) . The proliferation of MDA-MB-231 cells was not affected by the control peptide KRX-055 H235 (Fig. 6e) , shown to be inactive in the PKB activity assay in cells (Fig. 6b) .
Molecular Characterization of a Lyn-derived Peptide-The Src-related protein kinase Lyn was originally discovered in the context of hematopoietic cells, where it plays a role in the regulation of B cell immune responses (84) . Evidence presented by others (85) (86) (87) and by our group indicates that Lyn is also involved in the control of development and proliferation of the prostatic epithelium. We have previously found that a short peptide, derived from subregion I of the HJ-␣G domain of Lyn kinase: (i) inhibits Lyn kinase activity in a cell-free assay, (ii) inhibits Lyn transphosphorylation and interferes with Lyn-dependent signaling in intact B cells; (iii) inhibits the proliferation of Lyn-expressing HRPC cells; and (iv) induces regression of tumors following injection to mice bearing HRPC xenografts (24) .
We have derived 30 peptides from Lyn KinAce TM regions. Seven peptides were found active, most of them from subregion III and some from subregion I of the HJ-␣G domain. In this study we present a subregion III derived active peptide, KRX-055 G106 (Fig. 3) . The native Met 453 (see Fig. 1d for numbering of residues) was substituted to norleucine to avoid oxidation of the native methionine (88) . The peptide includes Asn 449 that potentially forms a hydrogen bond with the Lyn substrate in the Lyn-immunoreceptor tyrosine-based activation motif complex (36) . Furthermore, two unique residues may serve as specificity determinants for substrate recognition based on Src family sequence alignment: Arg 447 at position 13, which is populated by methionine in the rest of the Src family members, and Ala 450 at position 16 that is unique within the Src family for Lyn and Fyn-related kinase only. Position 13 was found important for substrate binding by mutational studies of AMPK (20) and JNK (39) . Furthermore, this position participates in substrate binding in the kinase-substrate complexes of CDK2 (32) and PKA (37) .
We demonstrated the activity and selectivity of the Lynderived peptide using cell-free kinase assays. To that end we have cloned, expressed in bacteria, and purified two intact proteins known as Lyn substrates: non-phosphorylated Lyn, which can be transphosphorylated by active Lyn (89) , and Syk, which is a well known Lyn substrate in B cells (90) . In Fig. 7 , a and b, we show that while KRX-055 G106 potently inhibits the phosphorylation of Syk and Lyn in a dose-dependent manner, yielding 90 and 80% inhibition at 5 M concentration, respectively, no inhibition was detected with control peptides derived from ERK, PDK1, or c-Kit, at the same concentration. Selectivity was further examined against another member of the Src family, the tyrosine kinase Src. As mentioned above, KRX-055 G106 contains two unique residues, as compared with Src, that may affect substrate recognition (marked in bold at the bottom of Fig. 7c ). KRX-055 G106 had no inhibitory effect on Src transphosphorylation at 5 M concentration and only a minor effect was detected at higher concentrations (Fig. 7c) . Likewise, KRX-055 G106 had no inhibitory effect on an additional tyrosine kinase, c-Kit (Fig. 4) .
The involvement of Lyn in HRPC cell survival and growth was recently discovered, as mentioned above. We therefore examined whether KRX-055 G106 affects DU-145 cell proliferation, and show that the growth of DU-145 cells was potently inhibited by the peptide at IC 50 value of 1.5 M (Fig. 7d) . Control peptides from ERK, PDK1, or c-Kit, which had no effect on Lyn activity in kinase assay, were found inactive in cell proliferation assays as well. A control peptide, KRX-055 H213 derived from Lyn subregion I, but lacks a main pharmacophor because of substitution to alanine, was found inactive in both assays of kinase activity (data not shown) and cell proliferation (Fig. 7d) .
KinScreen Technology-We have exemplified the potential of the KinAce TM technology to generate selective inhibitors for kinases, using cell-free and intact cell assays. The KinScreen technology utilizes this aptitude to identify the involvement of a specific kinase in a selected disease. Taking cancer as a disease of interest, a cell proliferation assay is used to test the contribution of various kinases to the growth of cancerous cell lines. The contribution of the kinase is examined by measuring the inhibitory effect of the peptides derived from the KinAce TM regions of the kinase. Thus, inhibition of cell proliferation by a certain peptide indicates a potential connection between the kinase from which the peptide was derived and the tumorogenic cell line.
In Fig. 8 we exemplify an array of KinScreen aiming to detect target kinases for oncological indications. Ten myristoylated peptides from eight kinases were derived and tested at concentrations up to 10 M in a cell proliferation assay of hormone refractory prostate cancer (DU-145 and PC-3), estrogen receptor positive breast cancer (MCF-7), estrogen receptor-deficient breast cancer (MDA-MB-231), colon cancer (HT-29), and ovarian cancer (A2780) cell lines. The inhibitory effect is indicated as percent of survival at 10 M peptide concentration, only when less than 60% survival was detected.
The peptides tested in this assay were derived from the tyrosine kinases c-Kit, Lyn, Fyn, and Zap-70 and the Ser/Thr kinases Activin receptor-like kinase-1 (Alk-1), integrin-linked kinase (ILK), PKB, and PDK1. In Fig. 8 the KinScreen matrix exposed a novel finding implicating Lyn as a target for hormone-resistant prostate and breast cancers. The Src-related tyrosine kinase Lyn was well characterized as a pivotal player in the hematopoietic system, and particularly in activation of B cells (89) .
We show here that two peptides derived from different subregions of the HJ-␣G region of Lyn, KRX-055 H101 and KRX-055 G106 , potently inhibited DU-145 and MDA-MB-231 cell proliferation. KRX-055 H101 , optimized into an HRPC drug candidate KRX-123, was found to be a selective inhibitor of Lyn (24) , as well as KRX-055 G106 (Fig. 7) . The novel finding that Lyn is an essential kinase for the viability of DU-145 epithelial cancerous cells, revealed by the KinScreen approach, was subsequently validated: specific inhibition of Lyn expression, using RNA interference, led to reduction in DU-145 cell number, 2 abnormal expression of Lyn in human prostate cancer samples was detected, and the importance of Lyn to the development of normal prostate gland was displayed (24) .
A peptide analogous to KRX-055 H101 , derived from Src family member Fyn, as well as peptides derived from Zap-70 and Alk-1, showed no inhibitory activity in the array presented in Fig. 8 . The above KinScreen array contains a few positive controls. ILK-derived peptide KRX-107 D115 inhibited the prostate cancer PC-3 and the breast cancer MDA-MB-231 cell proliferation. This result is in agreement with the findings of Yoganathan et al. (91) of correlation between increased ILK expression and activity and malignancy in several human tumor types, including breast and prostate carcinomas, and strengthens the notion that ILK might serve as a promising target for these indications.
PKB is implicated in prostate, breast, pancreatic, and ovarian carcinomas as discussed in the previous section. In addition to the inhibition of growth and the biochemical activity of KRX-014 H151 in the MDA-MB-231 cell line reported above, we assayed proliferation of several cell lines in the presence of KRX-014 H151 and an additional PKB-derived peptide, KRX-014 G102 . Indeed, both peptides inhibited cell growth of prostate cancer DU-145, breast cancer MDA-MB-231, and ovarian cancer A2780 cell lines.
PDK1 was suggested as a target for cancer and metabolic diseases. At the cutoff of 10 M concentration used for the array described here, we detected inhibition of the prostate cancer PC-3 and the ovarian cancer A2780 cell lines by the PDK1-derived peptide KRX-702 H105 . Finally, since our peptides are modified by N-myristoylation, we verified that the myristoyl moiety has no inhibitory effect on cell proliferation by itself, utilizing myristoyl-ethyl ester (Fig. 8, last row) .
DISCUSSION
In this paper we discuss the potential of the KinAce TM regions of kinases, namely the HJ-␣G and ␣D domains (regions X-XI and V, respectively), in substrate recognition and binding. The structural and sequence analysis of the protein kinases revealed well defined templates of these regions, consisting of accessible and variable patches distributed between conserved and buried anchors. The accessible and variable nature of these patches suggests these regions as specificity determinants for protein-protein interactions, and specifically as selective distal substrate binding sites. Indeed, mining of mutational data resulted in multiple cases where these regions were responsible for substrate specificity or for the down-signaling of the kinase. Additional support for a significant involvement of the KinAce TM regions came from the analysis of protein-protein interactions in crystal structures of kinases complexed with peptidic substrates or pseudosubstrates, as well as with autoinhibitory regions.
The KinAce TM approach presented in this paper takes advantage of the conserved templates to derive short peptides from these regions as modulators of the kinase signaling. Because the kinase-substrate interface may vary among the different kinases, one must derive several peptides, which span the KinAce TM regions. We have derived peptides from KinAce TM regions of two Ser/Thr kinases and two tyrosine kinases, and have shown that these peptides inhibit the signaling of the kinases from which they were derived, whereas control peptides fail to do so. Additional evidence for the utility of KinAce TM peptides as inhibitors of kinase signaling has been provided by Zisman et al. 3 The authors show that a peptide derived from the ␣D-region of Jak3 specifically inhibits interleukin-4-induced transphosphorylation of Jak3, without affecting Jak2. The peptide inhibits the proliferation of activated CD4 ϩ T cells in vitro and in vivo, enhances apoptosis of these cells, and inhibits the development of collagen-induced arthritis in mice. FIG. 8 . KinScreen array: the inhibitory effect of peptides derived from various kinases on cancerous cell growth. A variety of cancerous cell lines were exposed to 10 different peptides derived from 8 kinases and formulated in Me 2 SO or tbi (final 0.1% Me 2 SO), except KRX-014 H151 , which was formulated in AMI159 (detailed under "Experimental Procedures"). After 3-4 days cells were fixed and stained with methylene blue. The percent of cells that survived at 10 M peptide relative to those treated by the vehicle is shown when less than 60% survival was detected. 60 -100% survival is designated by Ϫ, and nd stands for non-determined. All peptides are N-modified by myristoyl-Gly, and the myristoyl-ethyl ester without the peptidic moiety served as control.
Based on these results, we have established the KinAce TM technology for derivation of sequence-based specific kinase inhibitors. Short peptides, which span the KinAce TM regions, are derived and screened for their ability to inhibit the kinase from which they were derived. The most potent peptide inhibitor can be further developed into a drug candidate. Acting via a different mechanism than the ATP mimicking molecules, KinAce TM peptides exhibit selectivity even for the extremely challenging cases, such as Src family kinases (93) . We have shown that the Lyn-derived peptide KRX-055 G106 potently inhibited Lyn activity as opposed to Src activity (Fig. 7) . Another active Lynderived peptide, KRX-123, was shown to inhibit Lyn without affecting Src family members Fyn and Lck (24) . The KinAce TM platform may also prove useful as complementing the ATPtargeted approach in cases of ATP-mimic resistant mutants.
A valuable extension of the KinAce TM platform is the KinScreen technology, in which peptides derived from various kinases are screened for a certain biological activity, to detect novel links between kinases and specific diseases. We exemplified the technology choosing cell proliferation as a relevant biological screening assay for cancer, and showed how Lyn, a kinase known to be involved in hemapoetic systems, emerges as a target for solid tumors. The strength of this approach stems from the fact that the sequence alone suffices for derivation of selective inhibitors. Thus the approach is applicable for kinases without known function or solved crystal structure, as well as for well characterized kinases.
In conclusion, we introduced here two novel technologies, KinAce TM and KinScreen, based on the characterization of specific regions in the catalytic domain that are preserved in all protein kinases. These technologies enable us to derive highly specific inhibitors or modulators that can be used as tools for studying the kinase signaling in biological systems or optimized into drugs, and to identify new target kinases for a selected indication. We are currently analyzing the role of the KinAce TM regions in substrate binding by mutational studies of the HJ-␣G and ␣D regions. Further research is required to establish the mode of action of the KinAce TM peptides.
